O u t l o o k s o n Pe s t M a n a g e m e n t -A p r i l 2 0 1 4
The "Vine that ate the South" Kudzu (Pueraria montana var. lobata) is a large trifoliateleaved, semi-woody, trailing or climbing perennial vine that belongs to the legume family (Everest et al., 1999) . Introduced into the United States from Asia in the 19 th century it has since become a serious invasive plant and a recognizable symbol of the American Southeast (Everest et al., 1999; Miller & Edwards, 1983) . Kudzu often becomes a weed in non-cropland areas such as roadsides, unused fields, vacant lots or abandoned buildings often dominating the landscape (Figure 1 ). Kudzu vines can climb to 30 m and spread 15-18 m in a single growing season (Miller & Edwards, 1983) . The ability of kudzu to grow quickly, survive in areas of low nitrogen availability, and acquire resources efficiently due to an extensive root system allows the plant to out-compete native species (Forseth & Innis, 2004) . As a result of its rapid growth rate the plant has the ability to climb over trees and shrubs, eventually killing them with its dense canopy through which little light can penetrate (Figure 2) .
Kudzu was first introduced to the U.S. in 1876 and became widely marketed as an ornamental plant to shade courtyards and porches of southern homes (Miller & Edwards, 1983) . In the early 1900s, kudzu was promoted as an inexpensive forage crop for livestock, but reached its greatest level of prominence in the 1930s when it was widely planted in the South for soil erosion control (Britton et al., 2002) . The federal government offered landowners up to $20.00 per ha as an incentive to plant their land to kudzu, and more than 1.2 million ha were planted on farms by 1946 (Everest et al., 1999) .
By the 1950s kudzu began to lose its attractiveness as its vines spread across the southern landscape unchecked. In 1953, the United State Department of Agriculture (USDA) removed kudzu from the list of acceptable cover crops and in 1970 the agency lowered the plant's status to common weed (Miller & Edwards, 1983) . In 1998, kudzu was listed by the U.S. Congress as a Federal Noxious Weed (Blaustein, 2001 ). This did not hinder kudzu as its range continued to expand and is now estimated to cover over 3 million ha of the Eastern U.S. and is present in 31 of the 50 states (USDA National Resources Conservation Service). Severe infestations of kudzu occur in Alabama, Georgia and Mississippi with more than 100,000 ha of land estimated to be infested in Alabama (Everest et al., 1999) .
Economic damage from kudzu includes lost income from forestry, control costs for utilities and agriculture, and management efforts in national and state parks (Forseth & Innis, 2004) . The economic impact of kudzu in the U.S. is estimated at $100-500 million lost per year in forest productivity (Blaustein, 2001) . Costs from power companies to control kudzu have been estimated at $1.5 million a year (Britton et al., 2002) . Control requires persistent management practices that may include repeated mowing or cutting-back, grazing by livestock, prescribed burning and/or repeated use of herbicides (Everest et al., 1999) . Even when done correctly an established population of kudzu may require up to 10 years to eradicate with herbicides.
Soybean rust invades the United States
Kudzu has done its share of damage as an invasive weed but also took on increased importance in the U.S. as the most common overwintering host for the fungus Phakopsora pachyrhizi, the causal organism of soybean rust (SBR). SBR is a foliar disease of soybean that has caused significant crop losses in all parts of the world where it is established (Bromfield 1984; Hartman et al., 1991; Pivonia et al., 2005; Yorinori et al., 2005) . The disease cost growers in Brazil $500 million in yield losses and $700 million in fungicide costs in 2002 . SBR damages plants by attacking the foliage causing leaf lesions and loss of photosynthetic area resulting in premature defoliation of infected plants ( Figure 3 ). Prematurely defoliated soybeans produce fewer pods, fewer seeds per pod, and poorly filled seed which results in reduced yields.
The U.S. is the largest producer of soybeans in the world, averaging a production of 69,682 thousand metric tons of beans (USDA National Agricultural Statistics Service). Since 2004, soybeans have been produced on approximately 30 million ha annually in the U.S., with a value between $18 and $32 billion. Though the majority of soybeans are grown in the Midwest, production extends into the southeast and along the eastern seaboard. Typically, the southernmost states begin planting first during the season and then the most northern areas plant as more moderate temperatures prevail. The soybean growing season can extend from late March through late November in parts of the southern region.
SBR was first identified in the continental U.S. in November 2004 (Schneider et al., 2005) . Early predictions based on high levels of overwintering inoculum suggested that without effective management, losses in soybean could exceed 80% (Caldwell & McLaren, 2004; Hartman et al., 1991) . While these loss estimates have not yet been approached in the U.S., yield losses from the disease have occurred sporadically in southern states. SBR was especially problematic in Alabama in 2012 when the disease reduced yield by up to 60% in over 200 ha of poorly managed soybeans (Sikora et al., 2013) . These are the greatest yield losses documented in the U.S. as a result of SBR, and are equivalent to losses observed in South America in the early 2000s (Morel & Yorinori, 2002; Yorinori et al., 2005) .
The anticipated threat of SBR resulted in an unprecedented effort to develop and implement disease monitoring and education platforms in North America. Since 2005, the primary platform for SBR information dispersal, known as the Soybean Rust-Pest Information Platform for Extension and Education (SBR-PIPE) has relied on real-time disease monitoring observations to track and predict in-season spread of SBR in North America (Giesler & Hershman, 2005) . Realtime observations can be viewed on the publically available website located at: http://SBR.ipmpipe.org/cgi-bin/SBR/ public.cgi.
Invasive weed aids soybean rust survival
Observations gained from disease monitoring have greatly improved our understanding of SBR. Monitoring efforts have helped identify and quantify the role of additional hosts in rust development and the pathogen's ability to survive soybean-free periods during the winter in the U.S. Kudzu is now considered the primary overwintering host in the U.S. and important to potential SBR epidemics in this country (Sun et al., 2005) . SBR-infected kudzu leaves that survive the winter, and new kudzu leaves that are infected prior to soybean emergence in the spring, serve as a bridge for SBR inoculum increase and northward spread into the soybean producing areas of the U.S.
Initially it was believed that P. pachyrhizi could only survive the winter primarily on kudzu in parts of Florida and southern Texas, and occasionally in coastal areas in states bordering the Gulf of Mexico. This was suggested because all known hosts of P. pachyrhizi in the U.S. could not survive extended periods of freezing temperatures (Pivonia & Yang, 2004) . Predictions on the overwintering dynamics of SBR in the U.S. were supported by a University of Florida study that reported that P. pachyrhizi survives in patches of kudzu year-round in the central portion of that state and has the potential to produce viable urediniospores, the reproductive structure of the fungus that infects susceptible hosts, in the field well into winter, even in the panhandle of Florida (Jurick II et al., 2008) . Researchers also observed that temperatures below 0°C and prolonged drought can result in defoliation of kudzu which limits inoculum production in host tissue and reduces the chance for P. pachyrhizi survival in a given location. However, even though kudzu is a susceptible plant and can increase the potential spread of the fungus, some kudzu patches are naturally resistant or immune to infection from the fungus (Bonde et al., 2009; Jordan et al., 2010) .
The Alabama SBR monitoring program was initiated in December, 2004, shortly after the disease was first detected in the state Sikora et al., 2009) . The program included monitoring soybeans for SBR development during the growing season as well as searching for SBRinfected kudzu overwintering sites. Monitoring efforts for overwintering sites initially focused on large kudzu patches in rural areas along roadsides and in unused fields where kudzu's growth often goes unchecked during the summer. Kudzu typically dies back to the ground when temperatures drop below freezing and this appeared to be the case across Alabama even in areas along the Gulf Coast (Sikora & Delaney, 2006) . Based on these early observations combined with the historic winter-weather patterns in the southeast it appeared that the only source of SBR inoculum in the U.S. at this time would be found in south Florida.
Urban Heat Islands and winter survival of Kudzu
Alternative evidence began to emerge in January, 2006 when green kudzu leaves were observed along the surface of a bridge abutment below an overpass along a major highway in the central Alabama city of Montgomery (Figure 4) . On closer examination, it was observed that most of the kudzu had died-back but the remaining green foliage showed symptoms of SBR which was later confirmed to be P. pachyrhizi (Sikora et al., 2007) . Over the next six weeks four more relatively small patches of SBR-infected kudzu were detected in this urban environment. These sites were typically associated with buildings, concrete and/or asphalt; materials which effectively retain heat ( Figure 5 ). The buildings could also block wind, inhibiting cooling (Oke, 1987) . These areas are termed "urban heat islands" (UHI) and experience elevated temperatures compared to outlying rural surroundings (Oke, 1997) . The annual mean air temperature of a city with one million or more people can be 1 to 3°C warmer than its surroundings, and on a clear, calm night, this temperature difference can be as much as 12°C (Akbari, 2005) . These UHIs provided conditions that were favorable for year-round kudzu survival and in turn an overwintering host for P. pachyrhizi much farther north than originally anticipated. The Montgomery sites are located over 200 km north of the panhandle of Florida; the farthest north the pathogen had been found to overwinter in the U.S. (Sikora et al., 2007) .
The discovery of overwintering kudzu harboring SBR in Montgomery shifted subsequent scouting efforts towards potential overwintering sites in urban areas rather than rural settings. By the end of February, 2006, SBR was detected in five additional sites in south Alabama. These sites were all in urban areas and associated with UHI structures (i.e. abandoned buildings) where protection from freezing temperatures was provided (Figure 6 ).
Monitoring efforts in successive years for SBR-infected kudzu in urban locations have provided some measure of inoculum potential for the impending soybean production season. In April, 2013, P. pachyrhizi was detected on kudzu that survived the winter under the Edmond Pettus Bridge that spans the Alabama River in Selma, Alabama (Sikora, 2013) . The bridge, which is a National Historic Landmark for its role in the civil rights movement in the U.S., is now the northern most point where P. pachyrhizi has successfully survived the winter in the U.S. (Figure 7) . SBR has successfully overwintered on kudzu in Alabama every year between 2006 and 2013 except for 2011 and in 
Climate change, global warming and soybean rust
The significance of these isolated kudzu sites in central Alabama in relation to the overall SBR inoculum levels prior to the soybean growing season is not well understood. Kudzu and other hosts of P. pachyrhizi found in south Florida, Mexico and the Caribbean Basin are generally considered more important sources of inoculum when considering a potential SBR epidemic in the U.S. However, with the potential of climate change providing milder temperatures during the winter months (Hatfield et al., 2011) , these urban islands of SBR-infected kudzu could become much more significant sources of inoculum that would increase the threat to the U.S. soybean industry.
Predictions of global warming include increases of 3 to 5°C in mean global temperatures (IPCC 2001) . Trends over the last few decades in the U.S. include a decrease in the number of frost days, and earlier date for the last frost in spring, and a later date for the last frost in fall (Easterling, 2002) . All of these trends should favor the spread of kudzu northward and potentially increase the levels of SBR inoculum that overwinters successfully in the south.
Even in the absence of climate change the importance of the connection of kudzu survival in UHIs is an important new consideration in forecasting risk of early-season SBR outbreaks in commercial soybeans. 
